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If inﬂation scale is high, light scalars acquire large quantum ﬂuctuations during inﬂation. If suﬃciently 
long-lived, they will give rise to CDM isocurvature perturbations, which are highly constrained by the 
Planck data. Focusing on string axions as such light scalars, we show that thermal inﬂation can provide a 
suﬃciently large entropy production to dilute the CDM isocurvature perturbations. Importantly, eﬃcient 
dilution is possible for the string axions, because effectively no secondary coherent oscillations are 
induced at the end of thermal inﬂation, in contrast to the moduli ﬁelds. We also study the viability 
of the axion dark matter with mass of about 7 keV as the origin of the 3.5 keV X-ray line excess, in the 
presence of large entropy production.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.1. Introduction
Inﬂation [1] elegantly solves theoretical problems of the stan-
dard cosmology such as the horizon problem,1 and the slow-roll 
inﬂation paradigm is consistent with the observations including 
the comic microwave background (CMB) and large-scale structure 
data. Measuring the primordial B-mode polarization of CMB is 
therefore of crucial importance, as it would provide a deﬁnitive 
proof of inﬂation [6].
Recently the BICEP2 collaboration reported detection of the B-
mode polarization, which could be due to the primordial gravi-
tational waves [7]. If this is the case, the BICEP2 results can be 
explained by the tensor mode perturbations with a tensor-to-scalar 
ratio, r = 0.20+0.07−0.05, whereas the central value (and therefore sig-
niﬁcance for the signal) depends on models for foreground dust 
polarization [8].
Taken at face value, the BICEP2 result strongly suggests high-
scale inﬂation with the Hubble parameter, H inf ∼ 1014 GeV [7]. 
Importantly, any light scalar particles acquire large quantum ﬂuc-
tuations of order H inf/2π during inﬂation. Those scalars are copi-
ously produced by coherent oscillations when their mass becomes 
comparable to the Hubble parameter after inﬂation. If some of 
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SCOAP3.them are long-lived, the coherent oscillations will contribute to 
dark matter, giving rise to isocurvature perturbations, which are 
tightly constrained by the CMB observations [9].
The QCD axion, a pseudo Nambu–Goldstone boson associated 
with the spontaneous break down of the Peccei–Quinn (PQ) sym-
metry [10,11], is an ideal candidate for such light scalars. As is 
well known, the QCD axion can explain the observed dark matter 
density for the decay constant fa =O(1011−12) GeV, barring ﬁne-
tuning of the initial misalignment angle. The isocurvature bounds 
on the QCD axion dark matter were extensively studied in the 
literature (see Refs. [12–14] for early works, Refs. [15–17] for non-
Gaussianity of isocurvature perturbations, and Refs. [19–23] for the 
recent works after BICEP2). The upper bound on the inﬂation scale 
is roughly given by H inf  107 GeV( fa/1011 GeV)0.408 [9], which 
shows clear tension with high-scale inﬂation. There have been 
proposed several solutions to the tension between the high-scale 
inﬂation and the QCD axion dark matter. The simplest solution 
is to assume that the PQ symmetry is restored [24,25]. Another 
one is to make the QCD axion suﬃciently heavy during inﬂation 
[18,19]. Alternatively, it is also known that the axion quantum 
ﬂuctuations can be suppressed or enhanced if the kinetic term 
coeﬃcient of the phase of the PQ scalar evolves during and af-
ter inﬂation. The axion isocurvature perturbations are suppressed 
if the effective PQ breaking scale decreases after inﬂation by the 
saxion dynamics [24,26]. Recently the saxion dynamics was stud-
ied in Ref. [27] taking account of the parametric resonance effects. 
A similar suppression was found in the presence of an enhanced 
non-minimal coupling to the Einstein tensor [28]. Another possi-
bility is to modify the axion potential by introducing other shift  under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
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be approximated by the quartic coupling in a certain range of the 
potential, the axion density decreases in proportional to a−4 as 
radiation, where a is the scale factor. Then the axion abundance 
as well as the associated isocurvature perturbations can be sup-
pressed at the expense of the ﬁne-tuning of the axion potential.2
If there are other light scalars, we can similarly apply the 
isocurvature constraints. A plausible candidate for such light 
scalars is string axions, the imaginary components of the moduli 
ﬁelds [30]. There appear many moduli ﬁelds through compacti-
ﬁcations in the string theory. In order to have a sensible low-
energy theory, those moduli ﬁelds must be stabilized properly. 
Many of them can be stabilized with a heavy mass because of 
the ﬂuxes [31,32], whereas the remaining ones can be stabilized 
by non-perturbative superpotentials induced by gaugino condensa-
tion and/or stringy instantons [33]. In particular, the axions respect 
the following axionic shift symmetry,
a → a + C, (1)
where C is a real transformation parameter, and therefore, some of 
them may remain relatively light and play an important cosmolog-
ical role.
Indeed, depending on the nature of the shift-symmetry break-
ing, the axion mass can be extremely light [34,35]. Then such light 
axions become so long-lived that they contribute to dark matter.
In this Letter we study a possibility to solve the tension be-
tween the string axion dark matter and high-scale inﬂation sug-
gested by BICEP2 by a late-time entropy production due to ther-
mal inﬂation [36–41]. One of the main differences of the string 
axions from general moduli ﬁelds in this context is that effec-
tively no secondary coherent oscillations are induced at the end 
of thermal inﬂation, because the string axions do not receive the 
so-called Hubble-induced mass. This greatly helps to dilute light 
axions eﬃciently, as the effect of the secondary coherent oscil-
lations becomes prominent for light moduli ﬁelds. We will show 
that a large portion of the parameter space can be indeed consis-
tent with the isocurvature bound in the presence of large entropy 
production by thermal inﬂation. We will also study the viability of 
axion dark matter with mass about 7 keV [42–44]3 as the origin 
of the 3.5 keV X-ray line excess [47,48] in the presence of such 
late-time entropy production.
2. Isocurvature perturbations of axions
We brieﬂy discuss isocurvature perturbations induced by axion 
coherent oscillations. Throughout this Letter we assume a large 
axion decay constant, fa , of order 1015 GeV, for which thermal 
production is negligible. Also neglected is non-thermal production 
by the saxion decays [49–51]. In general both contributions do not 
induce isocurvature perturbations.
The potential of the axion is given by
V (a) =m2a f 2a
[
1− cos
(
a
fa
)]
, (2)
where the potential minimum is located at the origin. The ax-
ion potential can be well approximated as the quadratic potential 
with mass ma in the vicinity of the minimum. The axion starts 
to oscillate about the potential minimum when the mass becomes 
comparable to the Hubble parameter, unless it is initially very close 
to the top of the potential. Assuming that it starts to oscillate in 
2 A similar ﬁne-tuning of the potential enables the axion hilltop inﬂation [29].
3 See also Refs. [40,45,46] for the early works on the X-ray constraint on a light 
modulus ﬁeld.the radiation dominated era after reheating, we can write down 
the energy-to-entropy ratio, ρa/s, as
ρa
s
= 1
8
Tosc
(
aosc
MP
)2
, (3)
where aosc is the initial oscillation amplitude. The aosc can be ex-
pressed in terms of the initial misalignment angle θi as
aosc = max( faθosc, H inf/2π) (4)
θ2osc ≡ θ2i F (θi). (5)
Here F (θi) represents the anharmonic effect for the axion coherent 
oscillation [52–54] given by
F (θi) =
[
ln
(
e
1− θ2i /π2
)]3/2
, (6)
which is unity for θi  π , while it diverges as θi approaches π
where the axion potential becomes maximum. Note that the power 
in Eq. (6) is different from the one adopted in [54] because there 
is no ﬁnite temperature effect on the axion mass in our case. The 
reason is as follows. The thermal effects on the axion mass appear 
only if the hidden gauge ﬁelds are in the thermal bath. We simply 
assume that the hidden gauge sector was not reheated by the inﬂa-
ton decay. Then, the hidden gauge interactions become strong and 
the axion potential arises when the Hubble parameter becomes 
comparable to the dynamical scale of the hidden gauge symmetry. 
At that time, the axion mass is still less than the Hubble parame-
ter as long as the decay constant is smaller than the Planck scale. 
Therefore, the axion mass is constant and does not depend on the 
cosmic temperature (of the visible sector) when it starts to oscil-
late.
Also we have deﬁned Tosc as the temperature at the beginning 
of the axion oscillation:
Tosc =
(
90
π2g∗(Tosc)
)1/4√
maMP , (7)
where g∗(T ) is the relativistic degrees of freedom at cosmic tem-
perature T , and MP is the reduced Planck mass.
The present density parameter of the axion can then be calcu-
lated by using ρcr,0/s0 = 3.64 × 10−9h2 GeV as following;
Ωah
2 
⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩
4× ( 228.75g∗(Tosc) )1/4( ma10−9 eV )1/2(
fa
1015 GeV
)2θ2i F (θi)
for θi > θc
1× 10−3( 228.75g∗(Tosc) )1/4( ma10−9 eV )1/2(
H inf
1014 GeV
)2
for θi < θc
(8)
where θc ≈ 0.016(H inf/1014 GeV)(1015 GeV/ fa) represents the 
critical value where the quantum ﬂuctuation δa becomes equal 
to the classical ﬁeld deviation θi fa . Note that the high-scale in-
ﬂation implies the axion overproduction unless the axion mass is 
extremely light such as, ma  10−9 eV, for fa ∼ 1015 GeV.
In linear perturbation theory, the power spectrum of the axion 
isocurvature perturbation can be expressed in terms of the axion 
ﬂuctuation as follows [55];
P1/2S,a =
δρa
ρa
= 2 faθosc(
∂θosc
∂θi
)δa + (δa)2
( faθosc)2 + (δa)2 (9)
where axion ﬁeld ﬂuctuation is given by δa = H inf/2π , and we 
have taken account of the anharmonic effect on the isocurvature 
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axion contribution to the CDM isocurvature perturbations, for sim-
plicity. The CDM isocurvature perturbation is related to the axion 
isocurvature perturbation by
PS,CDM =
(
Ωa
ΩCDM
)2
PS,a,
where Ωa and ΩCDM denote the density parameter of the axion 
and the total CDM, respectively. The CDM isocurvature perturba-
tion is tightly constrained by Planck [9];
PS,CDM <
β
1− βPR with β = 0.039 (10)
at 95% CL, and PR ≈ 2.2 ×10−9 is the curvature perturbation. This 
places a very stringent upper bound on the axion density parame-
ter for high-scale inﬂation.
Let us see how severe is the isocurvature bound (10) on the 
axion dark matter. To this end, let us take H inf = 1014 GeV, fa =
1015 GeV, and ma = 10−9 eV as reference values. For θi = 0.1
(> θc), the axion density parameter is about Ωah2 ∼ 0.04. Then the 
resultant CDM isocurvature perturbations, PS,CDM, would exceed 
the bound by about 8 orders of magnitude. For θi < θc , the axion 
isocurvature perturbations become highly non-Gaussian, and the 
CDM isocurvature perturbations exceed the bound by more than 5
orders of magnitude. Thus, one needs some extension in order to 
resolve the tension between the string axions and the high-scale 
inﬂation. One possibility is to induce huge entropy production after 
the axion starts to oscillate, which would signiﬁcantly reduce the 
axion abundance, thereby relaxing the tension. In the next section 
we consider thermal inﬂation as such late-time entropy produc-
tion.
3. Thermal inﬂation
In this section, we brieﬂy review thermal inﬂation. Thermal 
inﬂation is one of the attractive solutions to the overproduction 
problem of unwanted relics. In order to realize thermal inﬂation, 
we introduce a scalar ﬁeld, φ, the so-called ﬂaton, which has a rel-
atively ﬂat potential. The ﬂaton is assumed to have couplings with 
thermal plasma so that it acquires a thermal mass and stabilized 
at the origin for a while. While it was trapped at the origin, the 
vacuum energy of the ﬂaton drives mini-inﬂation. The thermal in-
ﬂation lasts until the origin becomes unstable.
The thermal inﬂation model is often considered in the frame-
work of supersymmetry (SUSY) as the required ﬂat potential can 
be easily realized by imposing a discrete Zn symmetry on the ﬂa-
ton.5 Then the ﬂaton lives in a chiral supermultiplet φ, which has 
the following superpotential [40]6
W = φ
n
nMn−3
+ kφQ Q¯ + W0, (11)
where Q and Q¯ are additional vector-like quarks having SU (3)QCD
charge, M is some cutoff energy scale, k is a Yukawa coupling con-
stant, and W0 is the constant term related to the gravitino mass 
by W0  m3/2M2P . Including the SUSY breaking effect and ﬁnite 
temperature effect, the ﬂaton potential can be expressed as
4 In the literature there was confusion in the anharmonic effects on the isocurva-
ture perturbations. The isocurvature perturbations are enhanced in the hilltop limit, 
which was conﬁrmed both analytically and numerically in Ref. [55].
5 Such discrete symmetry could be originated from string theory, which reﬂects 
the properties of the compactiﬁed extra dimensions.
6 With an abuse of notation, we shall use the same symbol to denote both a 
chiral superﬁeld and its lowest component.V = V0 −
(
m2 − T 2)|φ|2 + (n − 3)
(
Aφn
nMn−3
+ h.c.
)
+ |φ|
2(n−1)
M2(n−3)
, (12)
where m and A are the soft mass and the A-term, and we have 
omitted a numerical factor of order unity for the thermal mass 
term. The precise values of the soft parameters depend on the 
SUSY breaking mediation mechanism. We assume gravity media-
tion, for which m ∼ A ∼ m3/2 ∼ TeV or heavier. Then, in contrast 
to the thermal inﬂation model considered in Refs. [40,41], it is 
possible to kinematically forbid the ﬂaton decay into a pair of 
R-axions.
Assuming that the zero temperature vacuum expectation value 
(VEV) of φ is determined by the negative mass term and the last 
term in (12), we obtain the VEV as
v ≡ 〈φ〉 =
(
mMn−3√
n − 1
)1/(n−2)
. (13)
The ﬂaton mass mφ around the minimum is given by mφ =√
2(n − 2)m. Then, V0 is determined by requiring that the vacuum 
energy should vanish at the potential minimum, which leads to
V0 = n − 2
n − 1m
2v2. (14)
The Hubble parameter during thermal inﬂation HTI is given by
HTI  2 keV
(
n − 2
n − 1
)1/2( m
1 TeV
)(
v
1010 GeV
)
. (15)
Before thermal inﬂation, the universe is considered to be dom-
inated by radiation whose energy density evolves like ρr ∝ a−4, 
so ρr is overtaken by V0 at some time and then the thermal 
inﬂation starts.7 Hence, the temperature at the beginning of the 
thermal inﬂation is given by
TTI =
(
30
π2g∗(TTI)
)1/4
V 1/40 . (16)
Thermal inﬂation lasts as long as the ﬂaton is stabilized at the ori-
gin because of the positive thermal mass, and it ends when the 
negative SUSY breaking mass dominates over the thermal mass, 
i.e., Tend =m. Then the ﬂaton starts to roll down the potential and 
oscillate about its VEV. Thus, the universe is dominated by coher-
ent oscillations of the ﬂaton, until it decays into ordinary matter.
We assume that the ﬂaton has a mass comparable to its axionic 
partners (R-axions) so that its decay into R-axions is kinemati-
cally forbidden. Then, the ﬂaton mainly decays into a pair of gluons 
through the Q , Q¯ loop with the decay rate expressed as
Γφ  α
2
s
64π3
m3φ
v2
, (17)
where αs denotes the strong gauge coupling constant.8 The ﬂaton 
decay temperature is given by
TR =
(
90
π2g∗
)1/4√
ΓφMP
 5 GeV
(
αs
0.1
)(
228.75
g∗(TR)
)1/4( mφ
1 TeV
)3/2(1010 GeV
v
)
, (18)
7 We assume that the inﬂaton decays much before thermal inﬂation starts.
8 The decay into gluinos can be kinematically forbidden because the ﬂaton mass 
is comparable to the gaugino masses in gravity mediation. If not, non-thermally pro-
duced LSPs might overclose the universe, and one has to introduce either R-parity 
violation or a very light LSP. This however does not affect the argument in the text.
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The ﬂaton decay produces a huge amount of entropy, thereby 
diluting any relics produced before thermal inﬂation. The dilution 
factor, Δ, is deﬁned by the ratio of the entropy densities before 
and after the thermal inﬂation;
Δ ≡ Safter
Sbefore
= 30
π2g∗(Tend)
V0
T 3endTR
 1× 1014
(
n − 2
n − 1
)(
228.75
g∗(Tend)
)(
1 TeV
m
)
×
(
10 GeV
TR
)(
v
1010 GeV
)2
. (19)
Thus the axion abundance can be reduced signiﬁcantly, which 
greatly relaxes the isocurvature constraint. Note that the dilution 
can be realized only if the axion starts to oscillate before the ther-
mal inﬂation, which requires ma > HTI.
4. Relaxing the isocurvature bounds on axions
The thermal inﬂation produces a huge amount of entropy, so 
the isocurvature bound on the axion dark matter is expected to 
be relaxed. Here we investigate which parameter space is allowed 
in the presence of late-time entropy production due to thermal 
inﬂation. To this end we consider the following three cases in turn: 
the axion starts to oscillate (A) before the thermal inﬂation, i.e. 
ma > HTI, (B) after the thermal inﬂation before the ﬂaton decay, 
i.e. HTI >ma > Γφ , and (C) after the ﬂaton decay, i.e. ma < Γφ .
First, we consider the case (A). Since the axion starts to oscillate 
in radiation dominated phase, the temperature at the beginning 
of the axion oscillation is given by (7). Then, taking into account 
the entropy production due to the thermal inﬂation, the present 
axion abundance is given by Eq. (3) divided by Δ. Then, we get 
the density parameter of the axion in terms of the axion mass as
Ωah
2  4× 10−7
(
228.75
g∗(Tosc)
)1/4( ma
1 keV
)1/2
×
(
aosc
1015 GeV
)2(1013
Δ
)
forma > HTI. (20)
Let us comment on the secondary oscillations of the moduli 
ﬁeld. In general, the moduli ﬁeld receives the so-called Hubble-
induced mass term through Planck-suppressed interactions with 
the ﬂaton. Then, during thermal inﬂation, the minimum of the 
moduli potential is slightly displaced from the true minimum. 
When the thermal inﬂation ends, the potential minimum moves 
toward the true minimum with a timescale of m−1, which is 
much shorter than the moduli oscillation period. Therefore, for the 
moduli ﬁelds, the shift of the potential minimum takes place in-
stantly, which induces the secondary coherent oscillations [39–41]. 
However, this is not the case for the axions because the Hubble-
induced mass is forbidden by the shift symmetry (1).9
Next, we consider the case (B), where the axion starts to oscil-
late when the universe is dominated by the ﬂaton coherent oscil-
lations. The axion abundance is given by
ρa
s
= 1
8
TR
(
aosc
MP
)2
, (21)
9 Precisely speaking, the axion potential is affected by the ﬂaton potential through 
the gravitational interaction, and so, the axion mass changes slightly at the end of 
thermal inﬂation. This, however, does not change our discussion because its contri-
bution is negligibly small as shown in Appendix A.which leads to
Ωah
2  5×
(
TR
1 GeV
)(
aosc
1015 GeV
)2
for HTI >ma > Γφ. (22)
The case (C) is nothing but the scenario without thermal inﬂation 
and the resultant density parameter is given by (8).
Using Eqs. (20), (22), (8) and (9), we estimated the isocurvature 
bounds in the Ωa–ma plane as shown in Fig. 1. Furthermore we 
also take account of the bounds from diffuse X(γ )-ray observations 
such as HEAO-1 [56], INTEGRAL [57], COMPTEL [58] because the 
axion can generically decay into two photons via
Laγ γ = αEM
4π
a
fa
Fμν F˜
μν = gaγ γ
4
aFμν F˜
μν, (23)
where αEM is the ﬁne-structure constant. For fa ∼ 1015 GeV, the 
axion–photon coupling constant gaγ γ is about 1/MP . The decay 
rate of the axion to two photons is given by
Γ (a → γ γ ) = g
2
aγ γ
64π
m3a . (24)
In Fig. 1, there are three panels corresponding to the dilution fac-
tor Δ = 1010, 1012, and 1014, where we have ﬁxed H inf = 1014 GeV
and fa = 1015 GeV. In each panel, the upper shaded (magenta) re-
gion is excluded by the bounds from the isocurvature perturbation 
(black) and X-ray observation (blue). The diagonal (red) lines cor-
respond to θi = 1 (upper), θi = 0.1 (middle) and θi ≤ θc (lower), 
respectively. Note that the shaded (cyan) region below the lower 
diagonal line cannot be realized because a certain amount of ax-
ions is necessarily produced by the quantum ﬂuctuations of the 
axion ﬁeld, thus there is an absolute lower bound on the axion 
abundance. Note that we have taken account of the anharmonic 
effects on the axion abundance. The vertical dashed lines show 
the typical Hubble parameter during thermal inﬂation, HTI = 1 keV
and 10 keV. The region with ma < HTI is excluded as the axion 
abundance is not diluted by thermal inﬂation. That is to say, if 
HTI = 1 keV, the region left to the left vertical dashed line is ex-
cluded. The allowed region is the white region surrounded by the 
shaded regions and the vertical line given by ma = HTI. From the 
ﬁgure one can see that the allowed region is extended to heavier 
axion masses for a larger entropy dilution factor. The axion, how-
ever, cannot account for the total CDM density, for H inf = 1014 GeV
and fa = 1015 GeV.
Especially focusing on the axion with ma = 7 keV, we show 
the constraint from the isocurvature perturbation in Fig. 2, where 
we have varied the initial misalignment angle θi . Such 7 keV axion 
dark matter decaying into two photons can be a possible origin of 
the recently found the 3.5 keV X-ray line excess [42–44]. In Fig. 2, 
we show three panels corresponding to H inf = 1014 GeV, 1012 GeV
and 1010 GeV. From Fig. 2, one can see that the 7 keV axion 
cannot be the dominant component of the present CDM in high-
scale inﬂation with H inf = 1014 GeV, whereas it is possible for 
H inf  1010 GeV. In the case of H inf  1010 GeV, at least Δ ∼ 107
is required for the axion to account for the total CDM.
5. Conclusions
If the inﬂation scale is high, e.g. H inf ∼ 1014 GeV as suggested 
by the BICEP2 result, any light scalars acquire large quantum ﬂuc-
tuations during inﬂation, which give rise to the CDM isocurvature 
perturbation if they contribute to the present CDM. The Planck 
data allows only a small admixture of isocurvature perturbations, 
which severely constrains the present density parameter of the 
light scalars. One possibility to relax the tension between high-
scale inﬂation and the isocurvature bound on the light scalars is to 
generate a huge amount of entropy at a later time.
182 M. Kawasaki et al. / Physics Letters B 737 (2014) 178–184Fig. 1. Constraints on the axion parameters on Ωah2–ma plane. The upper shaded (magenta) region is excluded either by the isocurvature perturbation (black line) or by the 
X-ray observations (blue line). The lower shaded (cyan) region cannot be realized because of the absolute lower limit on the axion abundance due to the quantum ﬂuctuation, 
δa. The dashed vertical lines represent the typical Hubble parameter during inﬂation, HTI = 1 keV (left) and 10 keV (right). For the successful dilution, the axion mass must 
be heavier than HTI . We have taken fa = 1015 GeV, H inf = 1014 GeV and Δ = 1010, 1012 and 1014 in Fig. 1(a), 1(b) and 1(c) respectively. (For interpretation of the references 
to color in this ﬁgure, the reader is referred to the web version of this article.)
Fig. 2. Constraints from the isocurvature perturbation for the axion with ma = 7 keV on the Ω–θi . The solid (red) curves show the axion abundance as a function of the 
initial misalignment angle θi for various values of the dilution factor. The upper shaded (magenta) region is excluded. We have taken fa = 1015 GeV and H inf = 1014 GeV, 
1012 GeV and 1010 GeV in Fig. 2(a), 2(b) and 2(c) respectively. (For interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this 
article.)
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decay constant fa ∼ 1015 GeV as such a light scalar, and studied its 
cosmology in the presence of late-time entropy production, taking 
account of the anharmonic effect. As a concrete example of late-
time entropy production, we have considered the thermal inﬂation, 
and found that the axion coherent oscillations can be eﬃciently di-
luted, partly because effectively no secondary coherent oscillations 
are induced at the end of inﬂation, in contrast to a generic mod-
ulus ﬁeld. We have shown that there appears a wide parameter 
region where the isocurvature bound as well as the X-ray observa-
tion bound are satisﬁed. However, the axion cannot be the domi-
nant CDM component for H inf = 1014 GeV and fa = 1015 GeV. Also 
we have studied the viability of the 7 keV axion dark matter for 
various values of the inﬂation scale, and found that the 7 keV axion 
can be the dominant component of dark matter if H inf  1010 GeV
and Δ  107.
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Appendix A. Secondary oscillation of the axion
Here, we consider a speciﬁc axion model and quantitatively cal-
culate the secondary oscillations of the axion. Focusing only on the 
axion sector, the Kähler potential and superpotential are respec-
tively given by
K = 1
2
(A+A†)2 (A.1)
and
W = Λ3e−
√
2A/ fa + W0 + φ
n
nMn−3
, (A.2)
where A is the axion supermultiplet whose scalar component in-
clude the saxion (σ ) and axion denoted as A = (σ + ia)/√2 and 
Λ is some energy scale corresponding to the explicit symmetry 
breaking of the shift symmetry of the axion. We have added the 
interaction of the ﬂaton, which contributes to the VEV of the su-
perpotential after thermal inﬂation.
The F -term scalar potential in supergravity is given by
V F = eK/M2P
[
K ij
∗
DiW Dl∗W
∗ − 3|W |2/M2P ], (A.3)
where DiW = ∂iW + (∂i K )W /M2P and K ij
∗
is the inverse matrix 
of Kij∗ . The axion potential term comes from the second term in 
the square bracket in (A.3) and written as
Va  −6m3/2Λ3
×
[
cos
(
a
fa
)
+ |φ|
n
nMn−3m3/2M2P
cos
(
a
fa
− nθφ
)]
+ · · · ,
(A.4)
where θφ is the argument of φ, the dots represent higher order 
terms, and the saxion is assumed to be stabilized at the origin. 
This is indeed the case if Λ3  m3/2 f 2a , as the saxion will be 
much heavier than the axion. During the thermal inﬂation, φ is 
stabilized at the origin and the second term in square bracket in 
(A.4) vanishes. After the thermal inﬂation, φ acquires the large VEV and the second term in square bracket becomes non-zero with a 
time scale of m−1, which induces the secondary oscillations. The 
shift of the potential minimum, however, is suppressed by a fac-
tor of m
2
a
mm3/2
 1, compared to the case of the moduli ﬁeld with 
the Hubble-induced mass. Thus, the secondary oscillation contri-
bution is negligible in our calculation for the relic abundance of 
the axion.
References
[1] A.H. Guth, Phys. Rev. D 23 (1981) 347–356.
[2] R. Brout, F. Englert, E. Gunzig, Ann. Phys. 115 (1978) 78.
[3] D. Kazanas, Astrophys. J. 241 (1980) L59.
[4] A.A. Starobinsky, Phys. Lett. B 91 (1980) 99.
[5] K. Sato, Mon. Not. R. Astron. Soc. 195 (1981) 467.
[6] A.A. Starobinsky, JETP Lett. 30 (1979) 682;
A.A. Starobinsky, Pis’ma Zh. Eksp. Teor. Fiz. 30 (1979) 719.
[7] P.A.R. Ade, et al., BICEP2 Collaboration, arXiv:1403.3985 [astro-ph.CO].
[8] R. Flauger, J.C. Hill, D.N. Spergel, arXiv:1405.7351 [astro-ph.CO].
[9] P.A.R. Ade, et al., Planck Collaboration, arXiv:1303.5076 [astro-ph.CO];
P.A.R. Ade, et al., Planck Collaboration, arXiv:1303.5082 [astro-ph.CO].
[10] R.D. Peccei, H.R. Quinn, Phys. Rev. Lett. 38 (1977) 1440;
R.D. Peccei, H.R. Quinn, Phys. Rev. D 16 (1977) 1791.
[11] For a review, see J.E. Kim, Phys. Rep. 150 (1987) 1;
H.Y. Cheng, Phys. Rep. 158 (1988) 1;
J.E. Kim, G. Carosi, Rev. Mod. Phys. 82 (2010) 557, arXiv:0807.3125 [hep-ph];
A. Ringwald, Phys. Dark Univ. 1 (2012) 116, arXiv:1210.5081 [hep-ph];
M. Kawasaki, K. Nakayama, Annu. Rev. Nucl. Part. Sci. 63 (2013) 69, arXiv:
1301.1123 [hep-ph].
[12] M. Axenides, R.H. Brandenberger, M.S. Turner, Phys. Lett. B 126 (1983) 178.
[13] D. Seckel, M.S. Turner, Phys. Rev. D 32 (1985) 3178.
[14] M.S. Turner, F. Wilczek, Phys. Rev. Lett. 66 (1991) 5.
[15] M. Kawasaki, K. Nakayama, T. Sekiguchi, T. Suyama, F. Takahashi, J. Cosmol. 
Astropart. Phys. 0811 (2008) 019, arXiv:0808.0009 [astro-ph].
[16] D. Langlois, F. Vernizzi, D. Wands, J. Cosmol. Astropart. Phys. 0812 (2008) 004, 
arXiv:0809.4646 [astro-ph].
[17] C. Hikage, M. Kawasaki, T. Sekiguchi, T. Takahashi, J. Cosmol. Astropart. Phys. 
1307 (2013) 007, arXiv:1211.1095.
[18] K.S. Jeong, F. Takahashi, Phys. Lett. B 727 (2013) 448, arXiv:1304.8131 [hep-ph].
[19] T. Higaki, K.S. Jeong, F. Takahashi, Phys. Lett. B 734 (2014) 21, arXiv:1403.4186 
[hep-ph].
[20] D.J.E. Marsh, D. Grin, R. Hlozek, P.G. Ferreira, arXiv:1403.4216 [astro-ph.CO].
[21] L. Visinelli, P. Gondolo, arXiv:1403.4594 [hep-ph].
[22] K. Choi, K.S. Jeong, M.-S. Seo, arXiv:1404.3880 [hep-th].
[23] E.J. Chun, arXiv:1404.4284 [hep-ph].
[24] A.D. Linde, D.H. Lyth, Phys. Lett. B 246 (1990) 353.
[25] D.H. Lyth, E.D. Stewart, Phys. Lett. B 283 (1992) 189.
[26] A.D. Linde, Phys. Lett. B 259 (1991) 38.
[27] M. Kawasaki, T.T. Yanagida, K. Yoshino, J. Cosmol. Astropart. Phys. 1311 (2013) 
030, arXiv:1305.5338 [hep-ph].
[28] S. Folkerts, C. Germani, J. Redondo, Phys. Lett. B 728 (2014) 532, arXiv:
1304.7270 [hep-ph].
[29] M. Czerny, F. Takahashi, Phys. Lett. B 733 (2014) 241, arXiv:1401.5212 [hep-ph];
M. Czerny, T. Higaki, F. Takahashi, J. High Energy Phys. 1405 (2014) 144, 
arXiv:1403.0410 [hep-ph].
[30] P. Svrcek, E. Witten, J. High Energy Phys. 0606 (2006) 051, arXiv:hep-
th/0605206; references therein.
[31] M. Grana, Phys. Rep. 423 (2006) 91, arXiv:hep-th/0509003;
M.R. Douglas, S. Kachru, Rev. Mod. Phys. 79 (2007) 733, arXiv:hep-th/0610102.
[32] R. Blumenhagen, B. Kors, D. Lust, S. Stieberger, Phys. Rep. 445 (2007) 1, arXiv:
hep-th/0610327.
[33] L. Gorlich, S. Kachru, P.K. Tripathy, S.P. Trivedi, J. High Energy Phys. 0412 (2004) 
074, arXiv:hep-th/0407130.
[34] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper, J. March-Russell, Phys. 
Rev. D 81 (2010) 123530, arXiv:0905.4720 [hep-th].
[35] M. Cicoli, M. Goodsell, A. Ringwald, J. High Energy Phys. 1210 (2012) 146, 
arXiv:1206.0819 [hep-th].
[36] K. Yamamoto, Phys. Lett. B 168 (1986) 341.
[37] G. Lazarides, C. Panagiotakopoulos, Q. Shaﬁ, Phys. Rev. Lett. 56 (1986) 557.
[38] D.H. Lyth, E.D. Stewart, Phys. Rev. Lett. 75 (1995) 201, arXiv:hep-ph/9502417.
[39] D.H. Lyth, E.D. Stewart, Phys. Rev. D 53 (1996) 1784, arXiv:hep-ph/9510204.
[40] T. Asaka, J. Hashiba, M. Kawasaki, T. Yanagida, Phys. Rev. D 58 (1998) 083509, 
arXiv:hep-ph/9711501.
[41] T. Asaka, M. Kawasaki, Phys. Rev. D 60 (1999) 123509, arXiv:hep-ph/9905467.
184 M. Kawasaki et al. / Physics Letters B 737 (2014) 178–184[42] T. Higaki, K.S. Jeong, F. Takahashi, Phys. Lett. B 733 (2014) 25, arXiv:1402.6965 
[hep-ph].
[43] J. Jaeckel, J. Redondo, A. Ringwald, Phys. Rev. D 89 (2014) 103511, arXiv:
1402.7335 [hep-ph].
[44] H.M. Lee S, C. Park, W.-I. Park, arXiv:1403.0865 [astro-ph.CO].
[45] M. Kawasaki, T. Yanagida, Phys. Lett. B 399 (1997) 45, arXiv:hep-ph/9701346.
[46] J. Hashiba, M. Kawasaki, T. Yanagida, Phys. Rev. Lett. 79 (1997) 4525, arXiv:
hep-ph/9708226.
[47] E. Bulbul, M. Markevitch, A. Foster, R.K. Smith, M. Loewenstein, S.W. Randall, 
arXiv:1402.2301 [astro-ph.CO].
[48] A. Boyarsky, O. Ruchayskiy, D. Iakubovskyi, J. Franse, arXiv:1402.4119 [astro-
ph.CO].
[49] M. Cicoli, J.P. Conlon, F. Quevedo, Phys. Rev. D 87 (2013) 043520, arXiv:
1208.3562 [hep-ph].[50] T. Higaki, F. Takahashi, J. High Energy Phys. 1211 (2012) 125, arXiv:1208.3563 
[hep-ph].
[51] T. Higaki, K. Nakayama, F. Takahashi, J. High Energy Phys. 1307 (2013) 005, 
arXiv:1304.7987 [hep-ph].
[52] D.H. Lyth, Phys. Rev. D 45 (1992) 3394.
[53] K.J. Bae, J.-H. Huh, J.E. Kim, J. Cosmol. Astropart. Phys. 0809 (2008) 005, 
arXiv:0806.0497 [hep-ph].
[54] L. Visinelli, P. Gondolo, Phys. Rev. D 80 (2009) 035024, arXiv:0903.4377
[astro-ph.CO].
[55] T. Kobayashi, R. Kurematsu, F. Takahashi, J. Cosmol. Astropart. Phys. 1309 (2013) 
032, arXiv:1304.0922 [hep-ph].
[56] D.E. Gruber, J.L. Matteson, L.E. Peterson, G.V. Jung, arXiv:astro-ph/9903492.
[57] L. Bouchet, E. Jourdain, J.P. Roques, A. Strong, R. Diehl, F. Lebrun, R. Terrier, 
arXiv:0801.2086 [astro-ph].
[58] A.W. Strong, et al., Astron. Astrophys. 120 (1996) 381.
